Experimental measurements of density at different temperatures ranging from 293.15 to 313.15 K, the speed of sound and osmotic coefficients at 298.15 K for aqueous solution of 1-ethyl-3-methylimidazolium bromide ([Emim][Br]), and osmotic coefficients at 298.15 K for aqueous solutions of 1-butyl-3-methylimidazolium chloride ([Bmim][Cl]) in the dilute concentration region are taken. The data are used to obtain compressibilities, expansivity, apparent and limiting molar properties, internal pressure, activity, and activity coefficients for [Emim][Br] in aqueous solutions. Experimental activity coefficient data are compared with that obtained from Debye-Hückel and Pitzer models. The activity data are further used to obtain the hydration number and the osmotic second virial coefficients of ionic liquids. Partial molar entropies of [Bmim][Cl] are also obtained using the free-energy and enthalpy data. The distance of the closest approach of ions is estimated using the activity data for ILs in aqueous solutions and is compared with that of X-ray data analysis in the solid phase. The measured data show that the concentration dependence for aqueous solutions of [Emim][Br] can be accounted for in terms of the hydrophobic hydration of ions and that this IL exhibits Coulombic interactions as well as hydrophobic hydration for both the cations and anions. The small hydration numbers for the studied ILs indicate that the low charge density of cations and their hydrophobic nature is responsible for the formation of the water-structure-enforced ion pairs.
Introduction
Ionic liquids (ILs) have seized the imagination of the scientific community due to their unique properties such as low melting temperature, large liquidus range, negligible vapor pressure, nonflammability, high thermal stability, and very rich and complex behavior as solvents. Moreover, their physicochemical properties can be finely tuned by the appropriate selection of the cation and/or anion. 1, 2 Although ILs are water stable and having significant practical implications, some of them are hygroscopic. 3 The presence of low fractions of water in the IL phase can dramatically affect their physical properties [4] [5] [6] [7] [8] [9] [10] and may also affect the rates and selectivity of reactions involving or carried in ILs. 11 Water may also act as a cosolvent to increase the mutual solubility between alcohols and ILs or as an antisolvent to reduce the solubility of gases in ILs. [12] [13] [14] Ionic liquids can be hydrophobic or hydrophilic depending on the structures of the cation and/or anion. 12, 15 Hydrophilic ionic liquids may fully or partially dissociate into ions when mixed with water, which is similar to what is observed in regular aqueous solutions of inorganic salts. These ions are solvated in aqueous solutions, causing structural changes to the aqueous environment 16, 17 which have been explained by many workers using the Frank and Wen cluster model. 18 In this respect, Desnoyers et al. have studied various thermodynamic properties of model compounds like alkali halides and tetraalkylammonium salts in aqueous as well as mixed aqueous solutions. 19 Freidman et al. have also made theoretical developments using the Gurney cosphere effect to account for the osmotic and activity coefficient properties in detail. 20, 21 In solution, the solvation and the interactions of the ions or ion pair with the solvent determine the unique properties of these systems. 22 The volumetric and acoustic properties of electrolytic and nonelectrolytic solutions have proved particularly informative in elucidating the various solute-solvent interactions that exist in these solutions. [23] [24] [25] [26] [27] [28] [29] Acoustic, volumetric and osmotic data for IL-containing systems are of great relevance in assessing intermolecular interactions between the IL and solvent and also for the development of thermodynamic models specific to IL-containing systems.
To date, a number of researchers have studied the thermophysical properties of aqueous solutions of ILs systems. [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] [45] [46] [47] [48] For the understanding of molecular interactions between the IL and water, volumetric properties at different temperatures ranging from 293.15 to 313.15 K and acoustic and osmotic properties at 298.15 K for an aqueous solution of 1-ethyl-3-methylimidazolium bromide ([Emim] [Br]) and the osmotic coefficient at 298.15 K for an aqueous solution of 1-butyl-3-methylimidazolium chloride ([Bmim] [Cl]) in the dilute concentration region are used together with data from our previous work. 49 The experimental data are used to obtain the isentropic compressibility ( S ) of solutions. The apparent molar volume (φ V ) and compressibility (φ KS ), activity, and activity coefficients of the IL are evaluated at different concentrations. The data of the limiting partial molar volume and compressibility of ILs and their concentration variation are examined to study the effect due to IL-water and IL-IL interactions. Experimental osmotic and activity coefficients are compared against the DebyeHückel and Pitzer models. The activity data are used to obtain the hydration number and the osmotic second virial coefficients of ionic liquids. The osmotic and activity data for the studied ILs in aqueous solutions are compared with the Debye-Hückel limiting law. The data acquired have been used to understand the water-ionic liquid interactions and the effect of the ionic liquid on the water structure.
Experimental Section
[Emim][Br] (purity >98%) and [Bmim] [Cl] (purity >99%) were acquired from Solchemar and Merck, respectively, and used without further purification. The concentrations of the IL solutions in water were prepared on a molality basis. The water used for the solutions was freshly prepared, doubly quartz distilled. The uncertainty in composition was found to be on the order of ( 1 × 10 -4 mol‚kg -1 . The water content in the ILs was determined using a microprocessor-based automatic Karl-Fischer Titrator, TKF-55, Chemito, from the M/s Toshniwal company. Pyridine-free Aquanil-5 Karl-Fischer reagent 15 to 313.15 K using a high-precision Anton PAAR (DMA 60/ 602) digital density meter. The temperature constancy of the vibrating tube was better than ( 0.02K as it was maintained constant by circulating water through a Julabo cryostat having a temperature stability of (0.01 K. After applying humidity and laboratory pressure corrections, the accuracy in the density values was found to be on the order of (5 × 10 -3 kg‚m -3 . The reliability of the density data obtained was ascertained by making measurements of aqueous binary solutions of alkali halides and comparing the data with literature. 50 Similarly, the calculated apparent molar volume (φ V ) of NaCl or KCl in aqueous solutions at T ) 298.15 K, plotted in the form of φ V -1.868 c against the concentration of salt (c) in mol‚L -1 , when extrapolated to infinite dilution, yields limiting apparent molar volumes which are in good agreement with the literature data. 51 The speed of sound measurements were carried out for an aqueous solution of [Emim] [Br] at T ) 298.15 ( 0.02 K at a fixed frequency of 2 MHz (M/s Mittle Enterprises). Good quality thermostating (temperature inside of the cell ( 0.05 K) to maintain constant temperature was achieved by circulating water by means of a Julabo thermostat having an accuracy of (0.02 K around the cell. The reliability of the measurements was checked by obtaining sound velocity data for water at T ) 298.15 K (1497.6 m‚s -1 ), which agree well with the reported literature data. 52 The standard deviation for the speed of sound measurement values was found to be on the order of (0. Table 1 . The apparent molar volumes (φ V ) as a function of molality of the IL were calculated using eq 1 
where M 2 is the molar mass of the IL in kg‚mol -1 , m is the molality in mol‚kg -1 , while F 0 and F represent the density values for water and solution, respectively. The errors in φ V were obtained using the method of propagation of errors and found to have a maximum value of (0.23 × 10 3 mm 3 ‚mol -1 at the lowest concentration studied. The data of φ V at different temperatures for aqueous solutions of [Emim] [Br] are reported in Table 1 . The φ V data can also be expressed as where S V is the Debye-Hückel limiting slope (S V values for aqueous solutions of 1:1 electrolytes at different temperatures were taken from the literature 55 ) and B V is the deviation parameter. The molality data were converted to molarity for use in eq 2. The smooth extrapolations of the (φ V -S V c) data to infinitely dilute solutions enabled us to obtain the limiting apparent molar volume (φ V 0 ) of [Emim] [Br], as shown in Figure 1 . B V values for aqueous solutions of [Emim] [Br] are reported in Table 3 . The data of φ V were further used to calculate the partial molar volumes of the solute (V h 2 ) and solvent (V h 1 ) using standard equations 57 and are reported in Table 1 .
The isobaric expansivity R ) -(1/F)(dF/dT) data were obtained from different temperature density data for aqueous solutions of [Emim] [Br] . The accuracy in the R data is on the order of (5 × 10 -6 K -1 . The apparent molar expansivity (φ E ) for aqueous solutions of [Emim] [Br] as a function of concentration were calculated using the standard equation 58 given below
The errors in the apparent molar expansivity were calculated using the method of propagation of errors and were found to be (0.001 × 10 -6 m 3 ‚mol -1 ‚K -1 . The smooth extrapolations of the φ E data to infinitely dilute solutions enabled us to obtain the limiting apparent molar expansivity (φ Table   2 . The isentropic compressibility ( S ) of solvents and solutions was obtained using the Laplace equation s ) 1/(u 2 F). The uncertainty in the S values was obtained using the method of propagation of errors, and it was found to be on the order of (1.3 × 10 -13 Pa -1 . The calculations of the isothermal compressibility ( T ) for aqueous solutions of [Emim] [Br] were made by using S , R, and C p data and using following expression
The variation of R is the main contributing factor in obtaining T from S values. 59 The three parameters δ 0 , R 0 , and σ 0 for the pure water used are 0.47 × 10 -11 Pa -1 , 2.57 × 10 -4 K -1 , and 4.1675 J‚K -1 ‚cm -3 , respectively, at 298.15 K. The C p value for the water used for calculations is taken from the literature 59 as 4.1793 J‚K -1 ‚g -1 , and we assumed that the C p value of the solvent remains constant in the studied concentration range. The variations of the S and T values with the molality of the IL are shown in Figure 3 .
The apparent molar isentropic (φ KS ) or isothermal (φ KT ) compressibility of aqueous solutions of [Emim] [Br] was calculated using eq 5 as where 0 and represent the compressibility of pure water and solution, respectively. The errors in the φ KS and φ KT values were obtained using the method of propagation of errors, and they were found to be on the order of (4 and (5 mm 3 ‚MPa -1 ‚mol -1 at the lowest concentration studied.
The variations of φ KS and φ KT 
and experimental slope of φ K (S K values) for aqueous solutions of [Emim] [Br] are reported in Table 3 . The errors in the limiting properties are estimated using the method of propagation of errors as reported earlier 49 and are also included in Figure 5 . The water activities (a w ) were calculated from the experimental osmotic coefficient data by making use of the following expression where x 1 and x 2 are the mole fractions of solvent and solute, respectively. The data of the water activities were used to obtain activity coefficients (γ 1 ) of water in aqueous solutions of ILs. The mean molal activity coefficients of ILs (γ ( ) have been calculated using following equation
The osmotic coefficient (φ) can be expressed as where A γ is the Debye-Hückel limiting slope for aqueous solutions, and its value is 0.5115 at 298.15 K; the coefficients A i can be obtained by the method of least-squares. The equation for ln γ ( takes the form, after solving the integral, of
The dependence of the mean molal activity coefficient on the IL concentration is shown in Figure 6 for aqueous solutions of [Emim] [Br] and [Bmim] [Cl] . The activity coefficient data, which have been converted to the mole fraction scale, have been used to estimate the excess Gibbs free-energy change (∆G E ) by using the expression ∆G E ) VRT ∑x i ln γ i , where x i is the mole fraction of component i and γ i is the corresponding activity coefficient. Taking into account the hydration effect, the mean ln a w ) -φ (
molal activity coefficient of electrolytes in aqueous solutions can be expressed as 57, 60 Here, a is the distance of the closest approach of oppositely charged ions, and h is the hydration number of the electrolyte. Table 4 . Recently, we reported an analysis of activity and heat data to obtain the partial molar entropies for aqueous solutions of model compounds such as 18-crown-6, 15-crown-5, and Rcyclodextrin at 298.15 K. [61] [62] [63] Similar methodology is being used here to obtain the partial molar entropies of the solute and solvent for aqueous solutions of [Bmim] [Cl] at 298.15 K for which the literature enthalpy data 64 and the Gibbs free-energy data obtained from activities are processed in the following way. Τhe relative apparent molar enthalpy φ L at different concentrations of [Bmim] [Cl] were taken from the literature and utilized further to obtain the heat of mixing per mole of solution (∆H mix ) using the equation 65 where n 1 and n 2 are the number of moles of solvent (55.51) and of [Bmim] [Cl], respectively, while L 2 is relative partial molar heat content of pure solute, which is the molar solution enthalpy at infinite dilution but with opposite sign (L 2 is taken from the literature as -16030 J mol -1 at 298.15 K, or it can also be obtained by plotting data of L h 2 , that is, the relative partial molar heat content of the solute, against n 1 /n 2 and the appropriate extrapolation to the zero value of n 1 /n 2 ). The x 2 is the mole fraction of [Bmim] [Cl] . The data of ∆H mix and ∆G mix were combined to obtain T∆S mix values at different concentrations using 
where V is the number of ions produced upon dissociation of the electrolyte. Since the partial molar enthalpies of the solvent water and [Bmim] [Cl] are available, the calculations of the partial molar entropies of the solvent (S h 1 -S 1 0 ) and solute (S h 2 -S 2 0 ) have been made using the relations [65] [66] [67] where S 1 0 is molar entropy of pure liquid water and S 2 0 is molar entropy of solute in a hypothetical ideal solution of unit mole fraction. The excess partial molar entropies of the solvent (S h 1 -S 1 0 ) E and solute (S h 2 -S 2 0 ) E were further evaluated using the following equations [65] [66] [67] The values of the parameters (calculated and evaluated) φ L , L h 1 , L h 2 , ∆H mix , ∆G mix , T∆S mix , ∆H E , T∆S E , (S h 1 -S 1 0 ) E , and (S h 2 -S 2 0 ) E are collected in Table 5 for the studied concentrations of [Bmim] [Cl] in water at 298.15 K. Since the heat data are not available for aqueous solutions of [Emim] [Br], we are unable to obtain the changes in entropies for this system. Table 1 and Figure 1 that the apparent molar volume (φ V ) of the [Emim]- [Br] in aqueous solutions decreases with concentration increase for all of the studied temperatures. This is unlike what is observed for aqueous solutions of alkali halides but similar to that for aqueous solutions of tetraalkylammonium salts. 68 We expect that φ V will go through a minimum at higher concentrations of [Emim] [Br] . The values of the limiting apparent molar volume (φ V 0 ) appear to increase linearly with temperature. Similarly, the B V parameter (showing deviation from the Debye-Hückel limiting law for volumes) is little effected by changes in the temperature in the studied temperature range. We note in Figure 2 that the apparent molar expansivity (φ E ) behavior for the [Emim] [Br] is similar to aqueous solutions of alkali halides since its variation with concentration is linear with a small positive slope and the limiting apparent molar expansivity (φ E 0 ) values are small. It has been suggested by Millero 69 and Herrington and Taylor 70 that aqueous solutions of sodium tetraphenylboron exhibit volumetric properties similar to those of tetraalkylammonium salts in its ion-ion interactions and behave like sodium chloride in dilute concentrations due to ionwater interactions. The aqueous solutions of [Emim] [Br] studied here also show both Coulombic interactions as well as hydrophobic hydration effects.
Discussion

Volumetric Analysis: It is observed in
Acoustic Properties:
The examination of Table 3 and Figure 3 shows that the isothermal and isentropic compressibility for aqueous solutions of [Emim] [Br] decreases with an increase in concentration as expected for electrolytic solutions. The apparent compressibility values for [Emim] [Br] in aqueous solutions are negative and increase with concentration like simple alkali halides. However, the limiting apparent molar compressibility values are small and negative, similar in magnitude to those of tetraalkylammonium salts. Mathieson and Conway 71 have interpreted their compressibility measurements for aqueous solutions of tetraalkylammonium salts on the basis of the Frank and Wen model. 18 They observed that ionic compressibility decreases with increasing ionic volume and that the structure of the solvent around this ion is less compressible than the bulk solvent. Additionally, the intrinsic compressibility of the bulk [Emim] + ion may also become important and give positive contribution to φ K 0 values. It can be said that the studied aqueous solutions of [Emim] [Br] indicate a similarity with normal 1:1 electrolytes as far as the temperature effect is concerned, whereas the behavior is similar to water structure enforcing ions if pressure effects are examined.
There are many attempts to understand ion-solvent interactions in the literature. The utility of partial molal volumes of electrolytes and the ionic vibrational potential has been used to estimate ionic volumes. Noyes 72 assumes that when an ion is sufficiently large, the V h electr 0 can be calculated from the DrudeNernst 61 equation
where B ) 4.175 cm 3 ‚mol -1 ‚Å -1 at 298.15 K. Noyes describes a method using the above approach to estimate partial molar volumes of H + ions. Millero 74 suggested that partial molar volume of an ion at infinite dilution, V h ion 0 , can be attributed to the following components This separation is based upon the hydration model used by Gurney, 21 Frank and Wen, 18 and Eigen and Wicke 75 to describe the thermodynamic properties of aqueous solutions.
It is felt that the Gibson relation based on Tait's equation of state yields the excess partial volume of the electrolyte as 57, 76 where (V h -V cryst ) is, therefore, the change in the volume of mixing of the pure electrolyte liquid and water. In the limit of infinite dilution, eq 24 becomes Mukerjee 76 has used this approach successfully to estimate electrostriction and intrinsic volumes for electrolytes. The value of the excess volume (V h 0 -V cryst ) comes out to be -10.56 cm 3 mol -1 . We have calculated the V cryst value of 201.7 cm 3 mol -1 from the limiting partial molar volume data and the excess volume (V h 0 -V cryst ) by making use of eq 25. The small volume changes can be attributed to the (V h disord 0 + V h caged 0 ) structural interactions in water. In other words, the volume changes due to Coulombic interactions are small.
Osmotic and Activity Coefficients Data:
It is observed from Figure 5 that osmotic coefficient data follow the DebyeHückel limiting behavior at low concentrations but shows deviations at higher concentrations for both of the ILs studied. A similar effect is observed in the variation of the mean molal activity coefficient, as shown in Figure 6 . When the activity coefficient data are compared with those calculated using the Pitzer model, it is found that the agreement is excellent for It has been shown in the case tetralkylammonium fluoride salts that the mean molal activity coefficient increases with an increase in the size of cation whereas it decreases with an increase in the size of anion on going from fluoride to iodide for tetrapropylammonium salts. 78 Thus, it seems that the simultaneous effect of an increase of the cation and a decrease of the anion sizes for the two ILs studied shows some compensation effect, but still, a small difference is perceived on the activity coefficient values. The mean molal activity coefficient data of aqueous ionic liquids have been fitted using eq 13, and the hydration numbers obtained are 1 18 is more structured than the surface water near the ions, leading to more favored ion-ion interactions. In other words, one can interpret that the imidazolium-based cations exist in aqueous solution having a peripheral hydration similar to that of tetraalkylammonium ions. 79 This is also supported by the observed values of the distance of the closest approach of ions "a" for [Bmim] [Cl], which matches well with that obtained in the solid phase (a ) 0.254 nm for monoclinic structure) from X-ray diffraction studies. 77 There are many explanations offered about the values of a in the literature, and they are discussed in detail using the Bjerrum ion pair concept to deal with deviations of activity coefficients exhibited in aqueous salt solutions 57, 60 The ∆G E values are negative for aqueous solutions of both of the ILs at 298.15 K, indicating the negative deviation from Raoult's law. The data of the Gibbs free-energy change upon mixing (∆G mix ) are also negative over the studied concentration range, showing that mixing is energetically favorable in both cases. Examining Table 5 and Figure 7 , it is observed that the mixing process is entropy-dominated and the contribution from heat changes seems to be very small. This can also be observed through the excess properties, as shown in Figure 8 where the excess entropy contribution is more important and dominates the behavior of this system. The estimated excess partial molal entropies of [Bmim] [Cl] in aqueous solutions are positive and remain approximately constant in the studied concentration region, indicating that the ion pair formation is favored over the hydration of ions, which is also in accordance with the observed small hydration number for this salt. Such a behavior is also observed for large tetraalkylammonium halides, 65 where the large entropy effect is in qualitative agreement with the Frank and Wen model, 18 indicating that these ions promote the structure of water. In other words, one can conclude that these ionic liquids behave like tetraalkylammonium halides to a large extent in aqueous solutions.
The relative magnitudes of solute-solute and solute-solvent interactions have been studied for nonelectrolytes contribution in the electrolyte solution using statistical mechanical theories. 80 In dilute solution, if the Debye-Hückel electrostatic contribution is subtracted from a thermodynamic parameter, for example, ln γ ( , then the remainder is linear in molality as it would be for a nonelectrolyte. 81 The mean molal activity coefficient of the solute (γ ( ) in the dilute concentration range can be represented as where R ) 1.173 kg 1/2 mol -1/2 at 25°C and b ) 1.0 kg 1/2 mol -1/2 and ω is the nonelectrolyte solute-solute interaction parameter.
According to McMillan and Mayer 82 where n is the number density of the solute and B 22 / and B 222 / are the osmotic second and third virial coefficient for the solutesolute interaction. The Gibbs free energy of solution can be expressed as a function the mole ratio m j (ratio of moles of solute to solvent) using the equation
where N 1 is the number of moles of solvent, k is the Boltzmann constant, T is the absolute temperature, and µ 1 0 and µ 2 0 are the chemical potentials for pure solvent and solute, respectively, whereas A 22 and B 222 are the pair and triplet interaction terms for solute particles.
Hill 83 has shown that the coefficient A 22 in eq 28 is related to the osmotic second virial coefficient B 22 / as 
where υ 1 0 and υ j 2 0 are the molecular volume of the pure solvent and the partial molecular volume of the solute at infinite dilution, respectively, and b 11 0 () -B 
Conclusions
The analysis of the thermodynamic data on properties concerning volumes, expansivity, and compressibility for aqueous solutions of [Emim] [Br] reveals that the concentration dependence can be accounted for in terms of the hydrophobic hydration of ions similar to that of aqueous solutions of tetraalkylammonium salts. The limiting properties however indicate a resemblance with aqueous solutions of simple alkali halides. Further, these studies show a small extent of electrostriction and that the ionic cosphere interactions are dominated by ion-dipole interactions. The osmotic and activity data for the studied ILs in aqueous solutions obey the Debye-Hückel limiting law in the limiting concentration region. The higher concentration data profiles show deviations due to ion-ion interactions and the specific role played by the anions. The observed small hydration numbers for these ILs reveal that the low charge density of cations and the their hydrophobic nature is responsible for the formation of the water-structure-enforced ion pairs, which is further supported by the agreement between the distances of the closest approach of ions in aqueous solutions and in the solid phase. Further, these conclusions are also in accordance with the observed large positive entropies for the [Bmim] [Cl] system. The application of the McMillan-Mayer theory of solutions yielded the osmotic second virial coefficients of these ILs due to the nonelectrolyte contribution in the aqueous electrolyte solutions at 298.15 K. The values for the osmotic second virial coefficients are found to be large and negative. The comparatively more negative value in the case of [Emim] - [Br] further shows that the hydrophobic nature or competency of both the cation and anion determines the strength of interactions among them in the presence of water.
